The topography of the cerebellar cortex is described by at least three different maps, with the basic units of each map termed "microzones," "patches," and "bands." These are defined, respectively, by different patterns of climbing fiber input, mossy fiber input, and Purkinje cell (PC) phenotype. Based on embryological development, the "one-map" hypothesis proposes that the basic units of each map align in the adult animal and the aim of the present study was to test this possibility. In barbiturate anesthetized adult rats, nanoinjections of bidirectional tracer (Retrobeads and biotinylated dextran amine) were made into somatotopically identified regions within the hindlimb C1 zone in copula pyramidis. Injection sites were mapped relative to PC bands defined by the molecular marker zebrin II and were correlated with the pattern of retrograde cell labeling within the inferior olive and in the basilar pontine nuclei to determine connectivity of microzones and patches, respectively, and also with the distributions of biotinylated dextran amine-labeled PC terminals in the cerebellar nuclei. Zebrin bands were found to be related to both climbing fiber and mossy fiber inputs and also to cortical representation of different parts of the ipsilateral hindpaw, indicating a precise spatial organization within cerebellar microcircuitry. This precise connectivity extends to PC terminal fields in the cerebellar nuclei and olivonuclear projections. These findings strongly support the one-map hypothesis and suggest that, at the microcircuit level of resolution, the cerebellar cortex has a common plan of spatial organization for major inputs, outputs, and PC phenotype.
Introduction
Given the regular internal circuitry of the cerebellum, its role in motor control and other functions is thought to depend to a large extent on regional differences in afferent and efferent connectivity. In particular, climbing fibers (CFs) originate exclusively from the inferior olive and are topographically highly organized, with CFs arising from specific olivary subdivisions targeting Purkinje cells (PCs) in the contralateral cerebellar cortex arranged into longitudinally orientated "zones" that are ϳ1-2 mm in mediolateral width. In turn, PCs located within each cortical zone provide a highly convergent projection to specific territories within the cerebellar and vestibular nuclei (Voogd et al., 1981; BuisseretDelmas and Angaut, 1993; Apps and Garwicz, 2005) .
High-resolution electrophysiological mapping experiments have shown that some cortical zones can be further divided into smaller units termed "microzones." These are narrow (0.1-0.3 mm wide) longitudinal strips of cerebellar cortex located within each of the broader zones where PCs receive CF-mediated input with similar receptive field identity (for review, see Garwicz et al., 1998) . Microzones and their associated input-output connections are thought to represent the basic operational units of the cerebellum (Ruigrok, 2011) . It is important therefore to understand cerebellar connectivity at this fundamental level of organization (Yeo and Hesslow, 1998; Apps and Garwicz, 2005; Ramnani, 2006) .
In addition, micromapping of mossy fiber (MF) projections suggests that they form a "patchy" mosaic of receptive fields within the cerebellar cortex (the "fractured somatotopy" of Shambes et al., 1978) . PCs are also organized into rostrocaudally oriented bands defined by the expression of molecular markers such as zebrin II (Brochu et al., 1990) . Therefore, there appears to be several maps within the cerebellar cortex: CF microzones, MF patches, and PC phenotype bands. However, based on embryology, the "one-map" hypothesis postulates that these patterns of spatial organization reflect features of a unitary map: at a microcircuit level of resolution, a close correspondence exists between zebrin bands and MF and CF inputs (Apps and Hawkes, 2009) . During embryogenesis, migration of PC clusters occurs in the rostrocaudal axis, forming a series of longitudinally oriented bands defined by the restricted expression of molecular markers (Fujita et al., 2012; Sugihara and Fujita, 2013) . The hypothesis proposes that MF and CF afferents then use the PC clusters as a "scaffold" to organize their own topography (Apps and Hawkes, 2009) .
The aim of the present investigation was to study the fine grain anatomical relationships between cerebellar cortical connectivity and zebrin immunocytochemistry to test the one-map hypothesis. The results in the rat focus on microcircuit connections of the C1 zone in the copula pyramidis (CP) because the general anatomy and physiology of this region has been described previously (Atkins and Apps, 1997) and because of its likely importance in limb movement (Pijpers et al., 2008) . Here, we show that at the microcircuit level, cerebellar cortical inputs and outputs are closely related to zebrin bands. Such findings provide strong support for the one-map hypothesis and extend the concept to PC outputs.
Materials and Methods
Animals. Results were obtained from a total of 29 male and female adult Wistar or Long-Evans rats (250 -300 g). Nineteen experiments were conducted at the School of Physiology and Pharmacology, University of Bristol, in accordance with the UK Animals (Scientific Procedures) Act of 1986 and were approved by the institutional ethical review group. Ten experiments were conducted at the Department of Systems Neurophysiology, Tokyo Medical and Dental University, in accordance with the guiding principles for the care and use of animals in the field of physiological sciences of the Japanese Physiological Society (2001, 2002) . Experimental procedures were approved by the institutional animal care and use committee of Tokyo Medical and Dental University.
Surgical procedures. In brief, rats were anesthetized with sodium pentobarbitone (60 -70 mg/kg i.p.; Sigma-Aldrich) and supplemental doses were given as required to maintain surgical levels of anesthesia, determined by regular testing of leg withdrawal and corneal reflexes. The rats were secured in a stereotaxic frame and body temperature was maintained within physiological limits using a heated blanket controlled by a probe measuring rectal temperature. A small craniotomy exposed part of the posterior lobe of the cerebellum on one side, allowing access to the CP. The dura was removed and the cerebellar cortex was periodically flushed with sterile saline.
Electrophysiological stimulation and recording. In experiments in which electrophysiological mapping of the C1 zone in CP was performed (n ϭ 18), the mediolateral sequence of cerebellar field potentials evoked by ipsilateral hindlimb and tail stimulation was mapped at individual recording sites, as described previously (Atkins and Apps, 1997) . In brief, percutaneous electrical stimulation was applied (single pulse or double 1 kHz pulse; 0.1 ms duration square wave pulse) once every 2 s at an intensity sufficient to evoke a small but visible twitch in the body part stimulated. The evoked field potentials were recorded extracellularly from the surface of CP using custom-made tungsten-in-glass microelectrodes (tip diameter ϳ50 m, impedance ϳ500 k⍀). In four experiments, percutaneous stimulation involved the whole ipsilateral hindlimb or tail and, in the remainder (n ϭ 14), percutaneous stimulation was refined to electrical stimulation of two or more different sites on the ipsilateral hindpaw (see Results for further details). This allowed activation of skin areas corresponding to receptive fields represented within the broader C1 zone. Consistent with previous studies, different physiologically identified cortical regions were defined by the peripheral stimulation site that evoked the largest response within that mediolateral part of the whole zone (Garwicz et al., 1996; Atkins and Apps, 1997) .
The mediolateral distance between successive recording loci was 0.1-0.2 mm and a sequence of typically 6 -10 recording positions was charted in CP in each experiment. The total number of sites recorded in each animal was limited by time constraints associated with recovery experiments, so it was not possible to record the complete mediolateral sequence of responses present within the C1 zone in every experiment. Instead, the overall distribution of cerebellar responses was derived by combining data from all physiological mapping experiments.
Evoked cerebellar cortical responses were recorded differentially, amplified, and band-pass filtered (30 -5 kHz) and any 50 -60 Hz electrical interference was removed (without signal degradation) using a Humbug device (Quest Scientific). Responses were digitized online (sampling rate 10 kHz) using a Cambridge Electronic Design 1401plus A/D converter and customized trigger-sampled software (Spike2; Cambridge Electronic Design). Responses evoked at each recording site were averaged online (n ϭ 10) to determine the somatotopical input to different parts of the C1 zone in CP and to guide placement of injections of tracer (see below).
Anatomical tracing. Red and green fluorescently tagged beads (Retrobeads; Lumafluor) were used as retrograde tracers and biotinylated dextran amine (BDA, D-1956, 10,000 MW or D-7135, 3000 MW; 10% solution in saline; Invitrogen) was used for anterograde labeling. After the electrophysiological mapping stage of the experiment (see above), Retrobeads (4 -30 nl) were pressure injected from a micropipette (tip diameter ϳ 20 m) with a Picopump PV820 (WPI) into the cerebellar cortex, generating a small but clearly visible deposit of fluorescent tracer material just below the cortical surface ( Fig. 1 D, E) . The anterograde tracer was injected using the same parameters as the Retrobeads. In most cases, the injection site of Retrobeads and/or BDA was immediately subjacent to the location on the surface where the largest cerebellar responses were evoked by peripheral stimulation of a particular body part-that is, each injection was usually made into approximately the center of a specific somatotopically defined cortical region within the C1 zone (hereafter termed "region"). Seven animals received a single Retrobeads injection, and nine animals received an injection of red Retrobeads into one cortical region and an injection of green Retrobeads into another, thereby generating a total of 25 Retrobead cases (for details, see Tables 1, 2 ). In the majority of these cases, BDA was also injected into the cortical location marked by a visible spot of Retrobeads (termed a paired injection site, n ϭ 14; Fig. 1D-F ) . In the 14 animals that received paired Retrobead and BDA tracer injections, six animals received one or more additional injections of BDA into an additional cortical region. A further eight animals received either a single or two separate injections solely of BDA, thereby generating a total of 29 BDA cases. Five of these experiments used cerebellar surface anatomical landmarks to guide the placement of injections into the cerebellar cortex. All injection sites were made at a depth of approximately 0.2-0.3 mm perpendicular to the pial surface of the cerebellum.
In another set of five experiments, red and/or green Retrobeads were injected into the cerebellar nuclei while the animal's head was angled nose down 40 -45 degrees using the central apex of lobule VIc (1.7-2.2 mm lateral to the midline, 3.3 mm deep; Paxinos and Watson, 2007) to guide the placement of the injection micropipette.
In all experiments, the micropipette was immediately withdrawn after injection of tracer, the surface of the cerebellum was rinsed with saline, and the exposed cortex was covered with Gelfoam (Sterispon, Allen and Hanbury). The overlying muscle and skin were closed in layers and the animal was allowed to recover. Upon recovery, a long-acting analgesic was given (Temgesic, 0.1 mg/kg i.m.; Reckitt and Colman). All animals were monitored daily and recovered uneventfully.
Histology. After a survival period of 7-10 d to allow axonal transport of tracers to occur, each animal was administered a lethal dose of sodium pentobarbitone (180 -200 mg/kg i.p.), and perfused transcardially with 500 ml of heparinized 0.9% saline rinse followed by 500 ml of 4% or 5% paraformaldehyde fixative and then 500 ml of 0.2 M or 50 mM phosphate buffer (pH 7.4) containing 10% sucrose. Subsequently, the brainstem and cerebellum were removed and allowed to sink in 30% sucrose stored at 4°C. The cerebellum and brainstem were separated into two blocks of tissue and the cerebellum was embedded in gelatin. A freezing microtome was used to cut the cerebellum and brainstem into 80 and 50 m transverse sections, respectively. Cerebellar sections were mounted serially after immunostaining (see below) and brainstem sections were mounted as two separate series: one for analysis and the other as a spare.
For cerebellar sections, the immunohistological procedures used to double label BDA (black reaction product) and zebrin (brown reaction product) with diaminobenzidine have been described previously (Sugihara and Shinoda, 2004) . In brief, BDA was visualized with an Elite ABC kit (PK6100; Vector Laboratories). The zebrin antibody used in this study was raised in Tokyo by immunizing a rabbit with a synthetic peptide that represented amino acids 322-344 from rat aldolase C (Sugihara and Shinoda, 2004) . The cerebellar lobules were defined according to Larsell (1952) and Voogd (2004) and zebrin-immunopositive and zebrin-negative bands were defined according to Sugihara and Shinoda (2004) . The nomenclature used for each zebrin band was indicated by a numeral and/or a letter plus either a negative or positive sign ( Fig. 1 A, B) .
Anatomical mapping. BDA material was viewed with an Olympus BX50 microscope. For mapping of fluorescent labeling, sections were inspected with a Zeiss Axioskop II or Olympus BX51W1 microscope fitted with a 100 W mercury UV light source. For the Zeiss microscope, red fluorescent labeling was viewed using filter set number 15 (DM 580 nm, BP 546/12 nm, LP 590 nm) and green fluorescence was viewed using filter set number 09 (DM 510 nm, BP 450 -490 nm, LP 515 nm). For the Olympus microscope, the combinations of the fluorescent tracer, emission filter, dichroic mirror, and emission filter were 455-495 nm (XF1073), 500 nm (XF2010), 498 -522 nm (XF3080) for green fluorescence, and 502-548 nm (XF1074), 560 nm (XF2017), 565-595 nm (XF3022; all filters were from Omega Optical) for red fluorescence. No difference was found in the pattern or extent of labeling using the two different microscopes. In 25 cases, all retrogradely labeled cells in the inferior olive (Fig. 1G ) in one series of sections were counted and represented on standard transverse maps (Apps, 1990) . For ease of comparison and to aid illustration of any topographical differences, the standard olivary maps were then converted to those in the horizontal plane (Fig. 3) . In 10 cases, all retrogradely labeled cells in the basilar pontine nuclei (BPN; Fig. 1H ) in one series of sections were also mapped.StandardtransversemapsoftheBPNwere used to aid visualization of any topographical differences (Herrero et al., 2002) .
The distribution of PC terminals in the cerebellar nuclei for 29 cases was first mapped on a 3D template of the adult rat cerebellar nuclei and dorsal part of the vestibular nuclei using 3D graphic software (Rhinoceros 4; Robert McNeel and Associates) as described previously (Sugihara and Shinoda, 2007) . To show the distribution in illustrations, the terminal field was superimposed on a horizontal projection of the whole cerebellar nuclei and the terminal field viewed in the frontal plane was also superimposed on a drawing of the coronal section at the level nearest to the center of the distribution area. Terminal fields were defined as those territories within the cerebellar nuclei in which labeling was present in fine preterminal axons and their varicosities (Fig. 1I ) or, for areas of nuclei containing dense labeling (where it was difficult to distinguish preterminals), as the area occupied by a plexus of both finely labeled and more coarsely labeled fibers.
Quantitative analysis of the distribution of cells in the inferior olive and terminal labeling in the cerebellar nuclei was also performed by determining the area within these territories that had the highest density of labeling. Starting at the lateral edge in the standard transverse section plots, the dorsal accessory olive (DAO) was divided into 0.2 mm wide bins and the number of cells in each bin was counted at each 0.2 mm rostrocaudal level (Garwicz et al., 1996) . Retrobead injection site cases that were restricted or centered on a single zebrin band were then pooled and the average number of cells per bin was calculated in both the mediolateral and rostrocaudal dimensions. The bin(s) that contained the largest average number of cells was deemed the area of highest cell density for cases associated with each zebrin band (Fig. 3H ) .
A similar method was used to determine where the greatest overlap of terminal labeling in the cerebellar nuclei occurred. The horizontal projection of the whole cerebellar nuclei on one side of the brain was divided into 0.2 mm ϫ 0.2 mm squares and, for each case, the square(s) that contributed the most terminal label was noted. A composite of terminal labeling was then created for BDA injections restricted or centered on a single zebrin band to determine which square(s) dominated the group (i.e., the aim was to determine the square(s) that dominated the terminal fields for the different zebrin bands; Fig. 5 ).
Injection sites were photographed (bright field for BDA, fluorescence plus bright field for red and green Retrobeads) and mapped on a template of the CP with zebrin-banding patterns (Fig. 1C) . Where Retrobeads and BDA tracer were injected at the same cortical location (paired injection sites), the extent of overlap between the two injection sites was estimated by first measuring the distance of the center of each injection site from zebrin band 4ϩ (see below) and the mediolateral width of the two injection sites and then determining the percentage overlap of each injection site.
Zebrin banding. In CP (and vermal lobule VIII, which is continuous with CP) zebrin-positive bands 1ϩ, 2ϩ, 3ϩ, 4ϩ, fϩ, e1ϩ, e2ϩ, and 5ϩ are present from the midline to the lateral pole (Sugihara and Shinoda, 2004, their Fig. 1 A) . Medial positive bands (1ϩ, 2ϩ, 3ϩ, and 4ϩ) are intensely labeled stripes and are clearly recognized in all brains. However, lateral zebrin-positive bands (fϩ, e1ϩ, e2ϩ, and 5ϩ) are sometimes less clearly distinguished from intercalating negative bands. This was particularly so in brains in which tracers were injected in this part of CP, presumably due to local tissue damage by the injection pipette and staining protocols for BDA tracer. Therefore, we measured the distance between the injection site center of the lateral boundary of ipsilateral zebrin band 4ϩ. To normalize the distances of injection sites in different animals, this value was divided by the distance between the lateral boundary of band 4ϩ on the left and right hand sides of the cerebellum (Fig. 1B , "X") to determine a "laterality index." The laterality index of the zebrin bands were as follows: 3Ϫ, Ϫ0.17 to Ϫ0.05; 4ϩ, Ϫ0.05 to 0; 4Ϫ, 0 to 0.04; fϩ, 0.04 to 0.08; fϪ, 0.08 to 0.22; e1ϩ, 0.22 to 0.38; e1Ϫ, 0.38 to 0.48; e2ϩ, 0.48 to 0.58; e2Ϫ, 0.58 to 0.66; and 5ϩ, Ͼ0.66. Very occasionally, the calculated laterality index of the injection site (e.g., case 12GB) did not fall within the normalized zebrin band range, most probably because of some interanimal variation.
Photomicrographs were taken by using a digital camera (DP-70; Olympus) and photographs assembled using Adobe Photoshop and Illustrator software. The software was used to adjust contrast and brightness, but no other digital enhancements were applied.
Results

Somatotopical organization of the hindlimb C1 zone in CP
As a first step, we used electrophysiological recording methods to map the approximate physiological boundaries of the C1 zone on the dorsal surface of CP. Initial experiments used percutaneous electrical stimulation of the ipsilateral hindlimb and tail at an intensity sufficient to evoke a small but visible twitch in the stimulated body part. In agreement with previous studies (Atkins and Apps, 1997) , field potentials were evoked by tail stimulation in medial CP (onset latency of 18.3 Ϯ 0.2 ms, mean Ϯ SD; n ϭ 2), whereas more laterally, field potentials were evoked by ipsilateral hindlimb stimulation (onset latency of 17.8 Ϯ 3.6 ms, n ϭ 4). In 14 rats, we examined the finer grain somatotopical organization within the hindlimb-receiving part of the C1 zone by stimulating different parts of the ipsilateral hindpaw. Figure 2 shows sample data from a representative experiment. A dorsal view of the posterior lobe of the rat cerebellum shows the distribution of responses evoked from medial to lateral across the C1 zone in CP Characteristics of paired injections into cerebellar cortex of CP. Paired injections involved a Retrobeads and a BDA injection at approximately the same cortical location. Physiology refers to the stimulated part of the ipsilateral hindlimb or hindpaw that evoked the largest responses on the cerebellar surface where the paired injection was made. Zebrin band in brackets indicate injection sites that have a small amount of spread to that zebrin band. For injection sites that spanned two zebrin bands, "Ͼ" indicates in which zebrin band the injection site is predominantly located. Laterality index is a normalized measurement of injection site location relative to zebrin band 4ϩ (see Materials and Methods). "D" indicates that the laterality index could not be calculated because the section at the core location of the injection site was damaged. GB, green Retrobeads; RB, red Retrobeads. ( Fig. 2A) . Medially, stimulation of the medial side of the ipsilateral hindpaw evoked a large field potential, whereas stimulation of the lateral side of the ipsilateral hindpaw evoked little or no response. Further lateral in CP, the field responses evoked by stimulation of the medial hindpaw reduced in size until they became absent, but stimulation of the lateral hindpaw evoked progressively larger responses. Based on a synthesis of all available cases, the hindlimb C1 zone could be subdivided into three somatotopically defined regions. Each region was identified in terms of the ipsilateral hindpaw territory that consistently evoked the largest cerebellar response (see Materials and Methods). From medial to lateral, these were heel, medial paw, and lateral paw (Fig. 2B) , with response onset latencies of 18.1 Ϯ 3.0 ms (mean Ϯ SD, n ϭ 5), 16.7 Ϯ 2.2 ms (n ϭ 8), and 19.0 Ϯ 2.1 ms (n ϭ 10), respectively. These latencies were not statistically different (p ϭ 0.34, one-way ANOVA).
Using the field potential mapping technique, it was not possible to determine reliably the mediolateral width of different regions within the broader C1 zone in CP (see Discussion). However, in terms of spatial localization in the cortex, 22 physiologically identified "hotspots" relating approximately to the center of individual regions could be related to postmortem identification of Retrobeads injection site position. The mediolateral location of individual injection sites was normalized using a laterality index (see Materials and Methods). The three regions were centered from medial to lateral as follows: heel (0.21 Ϯ 0.1, mean Ϯ SD, n ϭ 5), medial paw (0.40 Ϯ 0.1 SD, n ϭ 8), and lateral paw (0.54 Ϯ 0.1 SD, n ϭ 9). These values were statistically significant (p Ͻ 0.0001, one-way ANOVA; also see below).
General features of injection sites
A total of 54 injections of tracer material were made into the cortex of CP in 25 rats (Tables 1, 2; Fig. 1C-F ) . Tables 1 and 2 show that almost all injection sites (96%) were at a microzonal level of resolution (i.e., Յ0.3 mm in mediolateral width). The mediolateral width of individual injection sites of BDA measured from 15 to 200 m, whereas Retrobeads injection sites ranged from 50 to 490 m (Tables 1,  2) . Paired injection sites (n ϭ 14), in which one color of Retrobeads and BDA were injected at the same cortical location (see Materials and Methods), were similar in size in mediolateral width (BDA, 104 Ϯ 50 m, mean Ϯ SD, n ϭ 14; Retrobeads, 119 Ϯ 61, n ϭ 14; Table 1 ). In paired injections, we used the visible spot of Retrobeads as a target for injecting the BDA tracer, so the two injections were usually closely aligned (Fig. 1E) but, in some cases, there was a small distance between them (see Discussion).
Of the 54 injections of tracer material, a total of 44 were made into the approximate center of each of the somatotopically identified regions within C1. Because in all injections, the tracer material was delivered to the most superficial part of the injected folium, it is likely that they involved those parts of the cortex involved in generating the surface recorded field potentials. Consistent with this assumption was the finding, postmortem, that injection sites were always located in the most superficial PC layer and/or molecular/granular layers with minimal spread to the underlying white matter (Fig. 1C-F ) .
Correlation between somatotopically defined regions and zebrin bands
If the microcircuit architecture of the cerebellar cortex has any relation to physiological compartmentation, then it might be expected that a correlation would be present between PC phenotype and the spatial organization of the somatotopically defined regions described above. To investigate this possibility, we focused on the spatial distribution of zebrin II because it is the most comprehensively studied PC molecular marker. The analysis was confined to those cases (n ϭ 21) in which the physiological responses at a given recording site were evoked preferentially from one part of the ipsilateral hindpaw. This was taken to correspond approximately to the center of a particular somatopically defined region within C1. The cortical recording site position was related postmortem to the pattern of zebrin banding by reference to the associated Retrobeads injection site. From medial to lateral in the cortex, 3 of 5 (60%) "heel" cases were related to zebrin band fϪ, 4 of 7 (57%) "medial paw" cases were related to zebrin band e1Ϫ, and 6 of 9 (67%) "lateral paw" cases were related to zebrin bands e2ϩ/e2Ϫ. Therefore, based on postmortem localization of injection sites guided by the electrophysiological mapping, there appeared to be at least some correlation between somatotopy within the C1 zone in CP and zebrin band identity.
Relationship between all injection sites and zebrin bands
The suggestion of a relationship between zebrin banding and physiological responses encouraged us to use zebrin as a frame of reference to compare PC inputs and outputs, thereby comparing the organization of the various maps within the cerebellar cortex at a microcircuit level of resolution. We grouped all available injection sites in relation to the zebrin banding. A total of 44 injection sites were judged to be confined within individual zebrin bands within the cortex of CP. From medial to lateral, the zebrin band and related number of cases (in parentheses) was as follows: 4ϩ (n ϭ 1), 4Ϫ (n ϭ 2), fϩ (n ϭ 3), fϪ (n ϭ 7), e1ϩ (n ϭ 11), e1Ϫ (n ϭ 9), e2ϩ (n ϭ 8), and e2Ϫ (n ϭ 3). The relationship between individual injection sites and the zebrin banding was determined by measuring the laterality index of each injection site relative to 4ϩ (see Materials and Methods). This approach was validated by the finding that, in those cases in which the pattern of immunostaining around the injection site showed the zebrin band clearly, the zebrin identity of the injection site was the same as judged by the laterality index.
Of the total number of available cases (n ϭ 44) judged to be restricted to individual zebrin bands, 17 were Retrobeads injections and the remaining 27 were BDA injections. For 16 of the 17 Retrobeads injections, almost all of the cell labeling (99%) in the contralateral inferior olive was confined to the ventral leaf of the DAO (vDAO). Given the cortical location of these injections in zebrin bands fϩ, fϪ, e1ϩ, e1Ϫ, and e2ϩ of CP (Fig. 3) and the known mediolateral extent of the C1 zone in this lobule (Atkins and Apps, 1997) , this cell labeling was therefore interpreted as the result of retrograde axonal transport from the C1 zone (Trott et al., 1998; Sugihara and Shinoda, 2004) .
The 10 cases (Retrobeads, n ϭ 8; BDA, n ϭ 2) that were not restricted to a single zebrin band were either centered on one zebrin band with some spread to an adjacent band (e.g., 23GB-BDA) or spread across two zebrin bands (e.g., 16RB). Of the eight Retrobeads cases, four had injections placed laterally in the cortex, which resulted in some olive cell labeling located in caudal and middle parts of medial accessory olive. The cell labeling was therefore derived from retrograde axonal transport from inclusion of the CX zone, which corresponds to zebrin band e2Ϫ (Sugihara and Shinoda, 2004) , and possibly the C2 zone, which corresponds to zebrin band 5ϩ (Sugihara and Shinoda, 2004) in the effective injection site (Buisseret-Delmas et al., 1993; Atkins and Apps, 1997) .
Olivocerebellar microcircuits are related to zebrin bands
After identifying the position of injection sites in relation to their zebrin banding, we next determined the spatial distribution of retrogradely labeled cells in the contralateral inferior olive. This allowed us to determine the territory within the olive that provides CFs to the particular zebrin band under study. Given that the injection sites were at a microzonal level of resolution (see above), this meant that the analysis related olivocerebellar microcircuits to zebrin bands. We focused on those zebrin bands in CP in which the injection sites resulted in retrograde cell labeling within vDAO, i.e., the part of the inferior olive associated with the C1 zone (Atkins and Apps, 1997; Pijpers et al., 2006; Voogd et al., 2003;  Fig. 3) .
Retrobeads injection sites restricted or centered within fϪ (n ϭ 5), e1ϩ (n ϭ 6), e1Ϫ (n ϭ 7), and e2ϩ (n ϭ 5) resulted in cell labeling within the centrolateral, caudolateral, caudocentral, and rostrocentral parts, respectively, of vDAO ( Fig. 3B-E) . This fine grain topography is especially evident in the pooled cases (Fig. 3G ) and suggests that distinct territories within the lateral half of vDAO (which tend to form rostrocaudally oriented columns of cells) provide CF input to individual zebrin bands. Areas of highest cell density are represented in Figure 3H by the corresponding colored squares in the grid (for details of quantitative analysis, see Materials and Methods). This grid square analysis supports the topographical organization seen in the pooled maps for each zebrin band and is consistent with a detailed (microcircuit) CF topography within the C1 zone in CP in the rat cerebellum.
The results from double retrograde tracer studies (n ϭ 10 animals) in which red and green Retrobeads were injected into different zebrin bands supports this interpretation. In these experiments, little or no overlap of the two territories of singlelabeled cells in the inferior olive was found (Fig. 3F ) . Overlaps expressed as a percentage of the territory occupied by the smaller, single-labeled cell population were on average just 6.3% (range in individual experiments, 0 -18.2%; Table 3 ). This finding, combined with the presence of few or no double-labeled cells (a total of 23 double-labeled cells were found across all double tracer experiments, representing on average 2.6% of the total labeled cell population), can be taken as further evidence to suggest that a detailed topographical organization exists within the CF projection to the C1 zone in CP of the rat cerebellum.
Corticonuclear microcircuits are related to zebrin bands
Using data derived from the same experiments described above, we next determined whether the fine grain (microcircuit) topography also extended to PC anterograde projections to the cerebellar nuclei. The nanoinjections of BDA resulted in the labeling of several PC axons that could be traced through the white matter before entering and branching in the cerebellar nuclei to form en-passant and terminal swellings (Fig. 1I ) . We focused on axons that terminate in the cerebellar nuclei and not on those that run ventrally past the cerebellar nuclei, because the latter are presumed to be MF or CF axons. Figure 4 shows representative cases. BDA injections into zebrin band fϩ (n ϭ 3), fϪ (n ϭ 3), e1ϩ (n ϭ 7), e1Ϫ (n ϭ 3), and e2ϩ (n ϭ 7) resulted in terminal labeling in the following locations in anterior interpositus nucleus (AIN): rostrocentral/medial, caudocentral/medial, caudomedial, central, and rostrocentral, respectively. This topography is also evident in the pooled cases (Fig. 5) and when the area of greatest overlap of the terminal labeling in the cerebellar nuclei for each group was calculated (Fig. 5 , grid square inset). This suggests that the precise pattern of connectivity within CF inputs to individual zebrin bands within the C1 zone in CP is preserved in PC outputs to distinct territories within AIN in the rat cerebellum.
Further evidence to support the presence of a detailed organization within olivo-cortico-nuclear projections in CP can be found in those additional cases (n ϭ 6) in which the injection site involved two adjacent zebrin bands (two zebrin bands denoted by "&" or "Ͼ" in Tables 1, 2 ). In such cases, the pattern of olive and cerebellar nuclear labeling was consistent with the topography detailed above. For example, in Retrobeads case 31RB, in which the injection site included e1Ϫ and e2ϩ, the pattern of retrogradely labeled olive cells was found in the caudocentral and rostrocentral parts of vDAO, consistent with restricted e1Ϫ and e2ϩ cases, respectively (Fig. 6Cii) . In addition, cases in which the injection site was centered on a specific zebrin band but the injection site of Retrobeads and/or BDA spread medially or laterally to involve a neighboring zebrin band (n ϭ 4) resulted in a pattern of olive and cerebellar nuclear labeling consistent with the topography detailed above. For example, in case 21RB-BDA, in which the BDA injection site was centered on e1ϩ with some spread to fϪ, the pattern of terminal labeling was mainly in caudomedial parts of AIN, which is consistent with restricted e1ϩ cases, but there was also some labeling in caudocentral parts of AIN, which is consistent with inclusion of zebrin band fϪ.
BDA injections were also made in zebrin bands on either side of the C1 zone in CP. A BDA injection (n ϭ 1) into zebrin band 4ϩ (Fig. 4) labeled terminals in the ventromedial part of posterior interposed nucleus and BDA injections (n ϭ 2) into zebrin band 4- (Fig. 4) labeled terminals in the dorsal part of the lateral vestibular nucleus (LVN) and in the junction between the LVN and the AIN (an area termed the anterior interstitial cell group; Sugihara and Shinoda, 2004) . LVN and anterior interstitial cell group have previously been shown to be the target of PCs in zone B (zebrin band 2Ϫ) in the anterior lobe (Sugihara and Shinoda, 2004) . BDA injections (n ϭ 3) into zebrin band fϩ resulted in terminal labeling within rostral and medial parts of AIN (Fig. 4) . Finally, BDA injections (n ϭ 3) into zebrin band e2Ϫ resulted in terminal labeling in dorsomedial posterior interposed nucleus (Fig. 4) , which is the target of PCs in zone CX and C2 (Sugihara and Shinoda, 2004) .
In sum, at a microcircuit level of resolution, the inputs and outputs from the inferior olive and to the cerebellar nuclei appear to be associated with individual zebrin bands of PCs, which is consistent with the one-map hypothesis.
Pontocerebellar microcircuits are related to zebrin bands
For the one-map hypothesis to hold true, the spatial alignment between olivocerebellar and corticonuclear projections and PC phenotype should also be present in the connectivity of MF inputs. We therefore also examined the spatial distribution of retrogradely labeled cells in the BPN, which is the principal source of MFs to the cerebellum (Brodal and Bjaalie, 1997; Cicirata et al., 2005) . Data were obtained from 10 cases in which injections of red and green Retrobeads were made into CP, of which four cases involved zebrin band e1ϩ and four cases involved e2ϩ. As detailed above, olive cell labeling was mainly confined within the caudolateral part of vDAO or within the rostrocentral part of vDAO. Almost all (99.7%) of the retrograde cell labeling within the pons was confined to the caudal half of the contralateral BPN ( Fig. 6; Table 3 ).
There were a total of three double tracer experiments in which sufficient retrograde transport occurred to compare reliably the patterns of spatial distribution of the two single-labeled cell populations in BPN (Table 3 ). In one of these, the red injection was centered on e1ϩ and the green injection was centered on e2ϩ and there was limited overlap between the two single-labeled BPN cell populations (Fig. 6Ai -Aiii, the area of overlap represented only 5.4% and 4.0% of the two BPN single-labeled territories). In contrast, in a double tracer experiment in which the red and green injection sites were contiguous and centered on the same zebrin band (Fig. 6Bi-Biii, e1ϩ) , there was more extensive overlap of the two single-labeled BPN cell territories (31.3% and 81.5% overlap). Finally, a double tracer experiment in which the red injection site was located in e1Ϫ and e2ϩ and the green injection site was centered laterally in e2ϩ with some spread to e2Ϫ (Fig. 6Ci-Ciii) resulted in moderate overlap of the two single-labeled territories (13.3% and 8.1% overlap). There was a strong positive correlation (r 2 ϭ 0.74, p ϭ 0.028, n ϭ 6) between the degree of overlap in BPN and overlap of the two single-labeled cell populations in vDAO, indicating that the pontocerebellar projection is aligned to the olivocerebellar projection at a microcircuit level of resolution.
When all available cases centered on the same zebrin band were pooled, clusters of BPN cell labeling tended to merge into larger territories. Figure 7A , B shows, respectively, the total area within BPN occupied by labeled cells for all cases centered on e2ϩ (n ϭ 4) and for all cases centered on e1ϩ (n ϭ 4). Compared with e2ϩ cases, the territory occupied by cell labeling in e1ϩ cases extends more caudally in BPN. Figure 7C shows "core" areas-the territories within BPN where cell labeling was present in at least three cases. The core areas generally formed discrete clusters of cell labeling and overlaps between the two groups represented 13.1% of the core territory for e2ϩ cases and 6.6% of the core territory for e1ϩ cases, indicating that they occupied mainly separate areas in BPN (Fig. 7C) .
There was no correlation between BPN and total olive cell counts (r 2 ϭ 0.05, p Ͼ 0.05, n ϭ 10) and, in some cases, cell labeling was present in the olive but none was detected in the pons. This was presumably because the effective injection site in such cases was mainly within the molecular layer and/or there was less tracer uptake in MF afferents.
Additional evidence of microcircuit connectivity relating to zebrin banding
The experiments detailed above using tracer injections into the cerebellar cortex provide evidence for a microcircuit organization within the input-output connectivity of the C1 zone in CP associated with the zebrin phenotype of PCs. If this relationship is genuine, then it would be expected that injections of retrograde tracer into restricted territories within AIN should result in labeling of PCs confined to individual zebrin bands within CP. This was tested in five additional experiments in which a retrograde tracer injection (ϳ2 nl) was targeted within medial AIN. In one of these experiments (Case #590; Fig. 8 ), two (red and green) Retrobeads injections were both localized to different parts of medial AIN (Fig. 8A-C) . Based on the cortical tracer results, the red injection site was centered on the termination area associated with zebrin band e1ϩ, whereas the injection of green Retrobeads was centered on a more central area of AIN associated with zebrin band e1Ϫ.
PCs retrogradely labeled by red Retrobeads were distributed mainly in zebrin band e1ϩ in CP (Fig. 8G, I , J,L, black arrowheads), with 293/614 (48%) of the cell labeling in a sample of 12 consecutive sections (although cells were also labeled in fϪ and e1Ϫ at 31% and 21% of the cell labeling, respectively). PCs retrogradely labeled by green Retrobeads were distributed predom- inantly in zebrin band e1Ϫ (Fig. 8 H, I , K, L, white arrowheads) with 223/433 (52%) of the cell labeling in a sample of 12 consecutive sections, but less dense cell labeling was also present in zebrin bands e1ϩ, fϪ, and e2ϩ (24%, 18%, and 6% of the cell labeling respectively). Consistent with the cortical tracer results, these experiments therefore indicate that zebrin band e1ϩ and the neighboring band e1Ϫ mainly project to the most medial part and the neighboring more central part of AIN, respectively.
In the inferior olive, neurons retrogradely labeled by red Retrobeads were located mainly in the lateral part of vDAO (Fig.  8 D, F, black arrowheads) , which coincided with the distribution of neurons projecting to zebrin band e1ϩ in CP. Olive neurons labeled by green Retrobeads were located mainly in a more medial area in vDAO (Fig. 8 E, F, white arrowheads) , which coincided with the distribution of neurons projecting to zebrin band e1Ϫ in CP. A few neurons were also labeled in the medial accessory olive and in the principal olive. Whether this additional cell labeling was due to tracer uptake by passing axons is not clear.
The remaining cerebellar nuclear injections were also generally consistent with the topographic relationship of the corticonuclear projection from CP revealed in the anterograde labeling experiments detailed above. For example, an injection in the caudomedial AIN resulted in retrograde labeling of PCs in zebrin band e1ϩ (#575) and an injection into central AIN labeled PCs in zebrin band e1Ϫ (#578).
The results from cerebellar nuclear injections therefore support the general conclusion that there is a detailed pattern of corticonuclear connectivity in the CP in rat. The results also suggest that this fine grain topographical relationship can be ex- Figure 6 . Retrograde cell labeling in the pons. Ai, Photomicrograph of posterior lobe of the rat cerebellum showing red and green Retrobeads injections in e1ϩ and e2ϩ, respectively. Aii, Standard horizontal map of vDAO showing territory occupied by olive cells retrogradely labeled with green Retrobeads (light gray) and red Retrobeads (black). Aiii, Distribution of retrogradely labeled pontine cells plotted on standard transverse maps (0.2 mm interval between maps, AP levels Ϫ8.2 to Ϫ8.8). Each symbol indicates a labeled cell (black crosses denote red-labeled cells, gray circles denote green-labeled cells). Bi-Biii, Same as Ai-Aiii but the red and green injection sites were both located in zebrin band e1ϩ. Ci-Ciii, Same as Ai-Aiii but the red injection site was located in zebrin bands e1Ϫ and e2ϩ and the green injection site was located in zebrin band e2ϩ with spread to neighboring e2Ϫ. BPN, Basilar pontine nuclei; c, caudal; l, lateral; m, medial; ml, medial lemniscus; ped, cerebral peduncle; NRTP, nucleus reticularis tegmenti pontis; r, rostral.
tended to the olivonuclear projection, represented by the distribution of retrogradely labeled cells in vDAO. This implies a close correspondence between olivo-cortico-nuclear and olivonuclear projections at the microcircuit level of resolution.
Discussion
In the present study, we examined the microarchitecture of the C1 zone in CP of the rat cerebellum and provide evidence for microcircuits defined by specific olivocerebellar and corticonuclear connections associated with individual zebrin bands (Fig.  9) . We also found that this connectivity extends to olivonuclear and pontocerebellar projections and that there is a correlation between microarchitecture and somatotopical representation of different parts of the ipsilateral hindpaw within the C1 zone. Our results therefore represent the most comprehensive description to date of the fine grain anatomical circuitry underlying information processing within an individual cerebellar zone.
One-map hypothesis
The one-map hypothesis postulates that, during embryogenesis, MFs and CFs use longitudinally oriented bands of PC clusters as a scaffold to organize their topography (Apps and Hawkes, 2009 ). This leads to two predictions: (1) at the microcircuit level, there is an alignment between MF and CF terminations, and (2) that these terminations respect PC molecular marker boundaries. The results strongly support this hypothesis because they satisfy both of these predictions. The present study also extends the one-map concept by showing that this microcircuit connectivity is conserved in the pattern of PC outputs to the cerebellar nuclei.
Limitations of the present study
The electrophysiological techniques we used to map somatotopical organization is unlikely to represent a true microzonal level of organization (Garwicz et al., 1998 for further discussion). However, injection site size (ϳ0.1 mm) meant that the anatomical mapping was judged to be at this level. An assumption for paired injection sites was that the effective region of uptake was similar for retrograde and anterograde transport of tracer. Two lines of evidence support this assumption: (1) quantitative analysis of paired injection sites indicated that mediolateral disparity between them was usually smaller than 0.1 mm and (2) paired injections restricted to different zebrin bands resulted in corresponding topographical differences for both anterograde and retrograde labeling.
An additional consideration is that our results were limited to a comparison of PC inputs and outputs with the expression of zebrin II. Although zebrin II is the most comprehensively studied cerebellar molecular marker, there are many others; some reveal similar band-like patterns (e.g., phospholipase C␤3; Sarna et al., 2006) and others have a spatial distribution that has been described as "patchy" (e.g., heat shock protein 25; Armstrong and Hawkes, 2000) . It is an open question whether zebrin II represents a more fundamental marker of PC function than others. However, it does provide a well established frame of reference for identifying specific cerebellar cortical regions, allowing comparison of physiological function across experiments.
Another consideration is that our data were confined to study of the C1 zone in CP. Similar microscale investigation of other 4) . B, Same as A but for all injections sites centered on zebrin band e1ϩ (n ϭ 4, gray shading). C, Core areas occupied by cell labeling in at least 3 cases: e2ϩ (black) and e1ϩ (gray). BPN, Basilar pontine nuclei; c, caudal; l, lateral; m, medial; ml, medial lemniscus; ped, cerebral peduncle; NRTP, nucleus reticularis tegmenti pontis; r, rostral. cerebellar regions is required before it can be safely concluded that the close correspondence we found between inputs/outputs and PC phenotype is a general rule. The precise connectivity that we found may be necessary for limb control, whereas cerebellar regions involved in other functions (e.g., balance) may require a different pattern of connectivity. An additional issue is that MFs target granule cells and influence PCs indirectly through the granule cell-parallel fiber pathway. Parallel fibers extend for many millimeters in the long axis of individual folia (Harvey and Napper, 1991; Pichitpornchai et al., 1994) and therefore can contact many PCs located in multiple zebrin bands. This raises the possibility that PCs are influenced mainly by nonlocal MFs (Garwicz and Andersson, 1992; Barmack and Yakhnitsa, 2008) . However, other studies indicate that the ascending axons of granule cells make powerful direct connections with PCs, suggesting they are influenced mainly by local MF inputs (Bower and Woolston, 1983; Cohen and Yarom, 1998). To resolve these and the other issues raised above will require a combination of high-resolution anatomical, molecular, and single-unit mapping techniques. We believe that the present results provide a useful foundation for such studies.
Olive maps
In agreement with previous work (Buisseret-Delmas, 1988; Apps, 1990; Garwicz et al., 1996) , we found that olive topography is best described by a 2D map made up of rostrocaudally oriented columns of olive cells. However, we extend this concept to a microcircuit level of resolution and show a close correspondence between segments of olivary columns and individual zebrin bands of PCs. Injections of anterograde tracer into different levels of lumbosacral cord result in an orderly pattern of rostrocaudally oriented columns of terminal labeling within DAO (Armstrong et al., 1982; Matsushita et al., 1992) . Together with the present findings, this strongly suggests that, at a microcircuit level, the cerebellar cortex in CP receives a specific pattern of spino-olivary input relayed via a column of olive cells within DAO. may not hold true for other nuclear territories, particularly the medial nucleus, in which PC terminal arbors are broader than in AIN (Sugihara et al., 2009 ).
Concluding comments
We provide evidence in rat for a microcircuit organization within the C1 zone in CP where a close topographical alignment occurs among MF, CF, PC phenotype, and corticonuclear projections. Such a relationship is predicted by the one-map hypothesis and is consistent with the general notion that a small MF patch is spatially congruent with a CF microzone and, together, these inputs respect the boundaries of zebrin bands (Apps and Hawkes, 2009 ). The functional significance of this elaborate organization remains to be determined. However, the results raise the possibility that private lines of communication are conserved from cerebellar input to output, although this does not exclude "cross talk" that could occur at any/all stages of signal transmission. It may also be relevant that information processing in the cerebellar cortex may not be as uniform as generally assumed. For example, some differences in physiology between zebrin-positive and zebrin-negative bands have been found (Wadiche and Jahr, 2005; Gao et al., 2006; Mostofi et al., 2010; Paukert et al., 2010; but see Pakan et al., 2011 Graham and Wylie, 2012) . At least theoretically, the present results therefore provide the substrate to enable spatial differences in information processing at a microcircuit level of cerebellar organization.
